Lapping is an important material-removal process for manufacturing of substrate wafers. Objectives of lapping include removing subsurface damage in sliced wafers, thinning wafers to target thickness, and achieving a high degree of parallelism and flatness of wafer surfaces. This paper reviews the literature on lapping of substrate wafers. It presents reported experimental results on effects of input parameters (lapping pressure, plate rotation speed, abrasive grain size, slurry concentration, and slurry flow rate) on material removal rate and surface roughness.
Introduction
Substrate wafers can be made of different materials such as gallium arsenide, germanium, lithium niobate, sapphire, silicon, and silicon carbide [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . They are used to fabricate various semiconductor and optical devices [1, 3] .
In order to manufacture high quality substrate wafers, a series of processes are needed, including crystal growth, shaping, slicing, edge grinding, lapping or grinding, etching, polishing, and cleaning [1, [11] [12] [13] [14] [15] [16] ]. Fig. 1 shows a typical process flow for substrate wafer manufacturing with a brief description for each process in Table 1 . Lapping is an important process in manufacturing of substrate wafers. Objectives of lapping include removing subsurface damage in sliced wafers, thinning wafers to target thickness, and achieving a high degree of parallelism and flatness of wafer surfaces [2] . Both single-side and double-side lapping processes (as illustrated in Fig. 2 ) have been used to lap substrate wafers [1, 2] . In double-side lapping (DSL), loose abrasive particles are suspended in a colloidal slurry to abrade material from wafer surfaces [3] . Wafers are held in geared carriers which are driven in the planetary motion. After a batch of wafers is manually loaded into the holes of the carriers, the upper plate will be forced down by a certain pressure (or weight). The two plates start to rotate either in the same direction or opposite directions [3] . During double-side lapping, both sides of the wafers are lapped simultaneously. The colloidal slurry is continuously filled into the lapping machine, and a thin film of slurry is usually present between wafers and the two plates [2, 4] . The slurry performs the material removal through the abrasive grits as they slide or roll between wafer surfaces and the two plates. Important lapping parameters include lapping pressure, plate rotation speed, plate material, abrasive material and grain size, slurry concentration, slurry flow rate, and carrier design [3, 5] .
Many experimental investigations on lapping of substrate wafers have been reported. However, there exist no comprehensive review papers that cover all the experimental investigations reported up to date on lapping of substrate wafers. Such review papers are desirable to not only researchers but also industrial practitioners. The objective of this paper is to provide a comprehensive review covering experimental investigations on material removal rate and surface roughness in lapping of substrate wafers. This paper is organized into four sections. After this introduction, Section 2 and 3 present reported experimental investigations on material removal rate and surface roughness, respectively. Section 4 contains concluding remarks.
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Experimental Investigations on Material Removal Rate
To calculate material removal rates in lapping of substrate wafers, some researchers used the following equation:
where MRR (mm 3 /min) is material removal rate, ΔV (mm 3 ) the volume of material removed during time Δt (min) [2] . Other researchers used a different formula:
where MRR (μm/min) is material removal rate, ΔTHK (μm) is the wafer thickness removed during time Δt (min). Marinescu et al [2] studied the effects of lapping pressure on material removal rate (MRR) in double side lapping of silicon. Their experimental conditions are presented in Table 2 and the results are shown in Fig. 3 . It can be seen that, when plate rotation speed was 50 rpm, MRR for lapping pressure of 121 psi was higher than those for lapping pressure of 242 or 484 psi. When plate rotation speed was 75 rpm, MRR increased as lapping pressure increased. When plate rotation speed was 100 rpm, MRR was the highest for lapping pressure of 121 psi. Li et al [6] studied on the effects of plate rotation speed and lapping pressure on material remove rate (MRR) in lapping of sapphire wafers. Their experimental conditions are presented in Table 3 . The relationship between MRR and plate rotation speed is shown in Fig. 4 . With the increase in plate rotation speed, MRR increased remarkably. The relationship between MRR and lapping pressure (weight) can be seen in Fig. 5 . With the increase in lapping pressure, MRR increased linearly. However, if the lapping pressure was too high, the lapping abrasive grains were likely to be crashed, MRR would be reduced. Therefore, the lapping pressure (weight) should be increased within a moderate range. They also studied the effects of abrasive grain size on MRR. The MRR was 0.346 μm/min when # 600 boron carbide slurry was used, while the MRR was 3.4 μm/min when # 240 boron carbide slurry was used under the same lapping condition, where the plate rotation speed was 45 rpm and the lapping pressure (weight) was 3 kg. The MRR had increased by an order of magnitude.
Dudly [4] studied the effect of lapping pressure and plate rotation speed on MRR in lapping of silicon wafers. Their experimental conditions are presented in Table 4 . Figs. 6 and 7 show the relationship between MRR and lapping pressure for different abrasive grain size and different slurry flow rate, respectively. It can be seen that MRR increased as lapping pressure, abrasive grain size, and slurry flow rate increased. [7] studied the effects of lapping parameters (abrasive grain size, lapping plate hardness, lapping pressure, plate rotation speed, and slurry concentration) on MRR in lapping of BK7 glass. Their experimental conditions are presented in Table 5 . Fig. 8 shows MRR for different abrasive grain sizes. It can be seen that MRR increased sharply with an increase in abrasive grain size. However, the slope of the increasing curve became smaller when the abrasive grain size exceeded a certain value, i.e., 20 μm. The MRR for different lapping plate hardness values are
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Progress in Abrasive and Grinding Technology shown in Fig. 9 . MRR increased with an increase in plate hardness. The effects of lapping pressure and plate rotation speed on MRR are shown in Figs. 10 and 11 , respectively. The MRR increased dramatically with an increase in the lapping pressure and plate rotation speed. The effects of slurry concentration on MRR are given in Fig. 12 . It can be seen that MRR was in direct proportion to slurry concentration [7] . Fig. 8 Effects of abrasive grain size on MRR in lapping of BK7 (after [7] ). Othman et al [8] investigated the effects of plate rotation speed and lapping pressure on MRR in lapping of GaAs wafers. Higher plate rotation speed and lapping pressure could lead to higher MRR. Lapping pressure had much more significant effects than plate rotation speed did [8] . However, details of their experimental conditions were not provided in their paper.
Experimental Investigations on Surface Roughness
Marinescu et al [2] studied the surface roughness in double side lapping of silicon. Details of their experimental conditions and parameter settings are presented in Table 2 . Fig. 13 shows the effects of plate rotation speed and lapping pressure on surface roughness. It can be seen that, for lapping pressure = 121 and 484 psi, surface roughness increased as plate rotation speed increased. For lapping pressure = 242 psi, surface roughness was the highest when plate rotation speed was 75 rpm. Fig. 14 shows the relationship between surface roughness and lapping time. It can be seen that, as time increased, surface roughness improved, regardless of what lapping pressure was. At low lapping pressure (121 psi), surface roughness did not improve noticeably as lapping time increased. At high pressures, surface roughness improved rapidly as lapping time increased. Surface roughness improved more rapidly at initial stages for equal intervals of time.
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Progress in Abrasive and Grinding Technology Li et al [6] studied the effects of plate rotation speed and lapping pressure on surface roughness in lapping of sapphire wafers. The experimental conditions are listed in Table 3 . Fig. 15 shows the relationship between surface roughness and plate rotation speed. It can be seen that surface roughness decreased with the increase of plate rotation speed. It was found that, because of their large grain size, # 240 boron carbide did not distribute very uniformly in the slurry. When plate rotation speed was low, non-uniformly distributed abrasive grains could induce deep scratches; as a result, surface roughness was very high. With an increase in the plate rotation speed, abrasive grains could distribute more uniformly on the plate, resulting in improved surface roughness. Fig. 16 shows the relationship between surface roughness and lapping pressure (weight). It can be seen that surface roughness decreased with the increase of lapping pressure. Because # 240 boron carbide had a larger size and a certain distribution, when lapping pressure was low, sapphire substrates mainly contacted with large abrasive grains. As a result, the pressure on those grains was very high, and hence scratches were relatively deep. Moreover, large grains had a certain distance between each other, which also made surface roughness worse. When lapping pressure (weight) was higher, small grains could contact with sapphire substrates and leveled off deep scratches induced by large grains. Moreover, the distance between grains became smaller; as a result, the surface roughness was improved. Surface roughness was 60.45 nm with # 600 boron carbide slurry, and 416.21 nm with # 240 boron carbide slurry when other conditions were kept the same (plate rotation speed was 45 rpm and lapping pressure (weight) was 3 kg).
Prochnow and Edwards [9] reported lapping of sapphire wafers. Their experimental conditions are shown in Table 6 . They used a cast iron lap with # 400 B 4 C abrasives in water to remove ~50 μm of material, and on a copper Kemet lap with ~3 μm diamond abrasives in water to remove ~30-40 μm of material. Each of these two steps was completed within ~15 minutes. Then ~1 μm diamond abrasives in water were used on the copper Kemet lap to finish the wafers. This step required ~30 minutes. The surface roughness (RMS) of the finished wafer was 50-70 Å. [10] invented a double-side lapping machine and claimed a sequence of lapping steps for sapphire wafers. 25 pieces of sapphire wafers (with 50 mm in diameter and ~0.5 mm in thickness) could be loaded into five carriers (with each having five through holes). The sapphire wafers also had slight rotation during lapping due to unbalanced friction on both sides. Lapping pressure could be adjusted by the air-pressure system mounted atop the upper lapping plate. The lower lapping plate was driven to rotate by a driving system. The upper lapping plate would automatically rotate in the opposite direction to the lower lapping plate due to the lapping friction. Wang recommended three types of B 4 C abrasives for lapping sapphire wafers. They are W20 (10-20 μm), W14 (7-14 μm), and W7 (3.5-7 μm), respectively. He claimed that B 4 C abrasives performed better than SiC due to their higher hardness and would result in lower machining cost than diamond due to their cheaper powder preparation cost. After two steps of lapping, surface roughness could reach 0.3 nm.
Concluding Remarks
In lapping of substrate wafers, a change in abrasive grain size could cause an "order of magnitude" change in material removal rate (MRR) and surface roughness. Other factors such as plate rotation speed and lapping pressure could affect MRR and surface roughness within the same order of magnitude. These results would have practical guidance to manufacturing of substrate wafers. For example, in order to reduce lapping time, the slurry with a larger abrasive grain size should be used. However, when the substrate thickness approaches the required value, smaller abrasive grains should be used so as to keep surface roughness within an allowable limit.
